−/− ) were fed control or 1,25D3-supplemented diets. All mice fed with the control diet developed severe EAE. 1,25D3 treatment of WT mice protected them from developing EAE. CD1d −/− and Jα18 −/− mice treated with 1,25D3 were not protected to the same extent as WT mice. Myelin oligodendrocyte glycoprotein-specific IL-17 and IFN-γ production was significantly reduced in 1,25D3 WT mice compared with WT but was not decreased in 1,25D3 CD1d −/− mice compared with CD1d −/− mice. IL-4 −/− mice were utilized to determine how IL-4 deficiency affects susceptibility to EAE. IL-4 −/− mice were not protected from developing EAE by α-galactosylceramide (α-GalCer) or 1,25D3 treatment. Furthermore, 1,25D3 treatment of splenocytes in vitro decreased α-GalCer-induced IL-17 and increased IL-4, IL-5 and IL-10 production. 1,25D3 alters the cytokine profile of invariant NKT cells in vitro. These studies demonstrate that NKT cells are important mediators of 1,25D3-induced protection from EAE in mice and NKT cell-derived IL-4 may be an important factor in providing this protection.
Introduction
Vitamin D ingested in the diet or made in the skin is inactive and is processed twice by the body to form the hormonally active form of vitamin D, 1,25-dihydroxyvitamin D 3 (1,25D3). 1,25D3 functions by binding to the nuclear vitamin D receptor (VDR) and regulates transcription of targeted genes. The VDR is expressed in immune cells including T cells, B cells and macrophages (1) . Previously, we identified an important role for 1,25D3 and the VDR in the development and function of NKT cells. 1,25D3 treatment given in the diet of mice led to increased release of IL-4 and IFN-γ from spleen cells in response to α-galactosylceramide (α-GalCer) stimulation in vitro compared with spleen cells from mice on control diet (2) . Furthermore, both VDR-deficient and 1,25D3-deficient mice (Cyp27B1 −/− ) have fewer NKT cells compared with wild-type (WT) mice (2) .
NKT cells are a subset of T cells that expresses NK receptors and semi-invariant CD1d-restricted αβ T-cell receptors (TCRs). NKT cells play an important regulatory role in several models of autoimmunity, including experimental autoimmune encephalomyelitis (EAE) (3) . Previous studies have demonstrated that activation of invariant (i)NKT cells with α-GalCer can prevent EAE in WT mice (4, 5) , and mice that transgenically over-express iNKT cells (Vα14-Jα28 transgenic) are protected from developing EAE (6) . Furthermore, α-GalCer treatment leads to a decreased antigen-specific IL-17 response in both the lymph nodes (LNs) and spleen (7) , and the Th17 response is known to be pathogenic in this model (8, 9) . iNKT cell activation induces the expansion of myeloid-derived suppressor cells (MDSCs) in the spleen, and disease protection correlates with the infiltration of MDSCs in the central nervous system (CNS) (7) .
EAE is a mouse model for multiple sclerosis (MS). MS is an inflammatory demyelinating disease of the CNS that is characterized by a chronic course of relapses followed by periods of stability. Both genes and environmental triggers contribute to susceptibility to MS (10) . There are several different models of EAE that have been useful to study various aspects of MS. EAE in the B10PL mouse and the transfer of CNS-specific T cells results in relapsing disease. C57BL/6 mice are relatively resistant to EAE but have the advantage of having CD1d −/− and Jα18 −/− for studies of the role of iNKT cells. Previously it has been shown that 1,25D3 can prevent EAE in C57BL/6 and B10.PL mice (11, 12) and block the progression of EAE relapse when started after the first symptoms developed in B10.PL mice (11) . Since NKT cells are important for the regulation of EAE, and vitamin D and 1,25D3 regulate NKT cell development and function we hypothesized that vitamin D actions are mediated by NKT cells in EAE. We utilized CD1d −/− and Jα18 −/− mice in order to determine the role of NKT cells and iNKT cells in the vitamin D-mediated protection from EAE.
Methods

Mice
8-12 weeks old male and female C57BL/6 WT, CD1d −/− and Jα18 −/− (Gift from Dr Sebastian Joyce, Vanderbilt University, Nashville, TN, USA) and IL-4 −/− (Jackson Laboratories, Bar Harbor, ME, USA) were produced at Pennsylvania State University. For some experiments, mice were fed synthetic diets that either included 50 ng of 1,25D3 per day or did not include 1,25D3 exactly as previously described (13) . The diets were fed beginning 1 week before and continuing throughout the experiment. Experimental procedures received approval from the Office of Research Protection Institutional Animal Care and Use Committee at the Pennsylvania State University.
EAE induction
To induce EAE, Jα18 −/− , CD1d −/− , IL-4 −/− and WT C57BL6 mice were injected subcutaneously with 200 μg myelin oligodendrocyte glycoprotein (MOG)35-55 (amino acid sequence, MEVGWYRSPFSRVVHLYRNGK; Anaspec, Fremont, CA, USA) emulsified in Freund's adjuvant (Difco, Detroit, MI, USA) supplemented with attenuated Mycobacterium tuberculosis H37RA (Difco) to 4 mg ml −1 . On days 0 and 2 after immunization, the mice were injected intraperitoneally (i.p.) with 200 ng pertussis toxin (List Biological Laboratories; Campbell, CA, USA) in 100 μl PBS. Clinical symptoms of EAE were evaluated daily and scored as follows: 0, no clinical signs; 1, loss of tail tonicity; 2, partial hind limb paralysis; 3, total hind limb paralysis; 4, hind and some forelimb paralysis; 5, moribund or dead (11) . Mice with EAE score of 5 were sacrificed due to humane reasons. The cumulative disease activity index (CDAI) was calculated by summing all of the EAE scores for the 21 days of the experiment for each mouse.
MOG-specific cytokine production
Mice were immunized subcutaneously with MOG/CFA. 8, 14 or 21 days after immunization, inguinal and axillary LNs were collected and a single-cell suspension was prepared. LN cells (2 × 10 6 cells ml −1 ) were cultured for 72 h with MOG peptide (20 μg ml −1 ). To detect IFN-γ, IL-5, IL-10 and IL-4 in culture supernatants, OptEIA kits were used (BD Pharmingen, San Jose, CA, USA). Detection of IL-17 by ELISA was performed using anti-mouse IL-17 and biotin-anti-mouse IL-17 from BD Pharmingen. The limits of detection were 31 pg ml −1 IFN-γ, 15 pg ml −1 IL-5, 31 pg ml −1 IL-10, 31 pg ml −1 IL-4 and 31 pg ml −1 IL-17.
α-GalCer stimulation α-GalCer (Axxora, San Diego, CA, USA) was dissolved in PBS containing 0.5% Tween 20 (2) . Mice were given 4.4 μg of α-GalCer dissolved in PBS or vehicle through i.p. injection at the time of EAE induction (day 0) (5) . For examining iNKT cell responses, mice were i.p. injected with 2 μg α-GalCer or vehicle. Blood was collected from the retro-orbital plexus for serum isolation. For in vitro stimulations, splenocytes were isolated and 2 × 10 6 cells per well were incubated for 72 h with α-GalCer (200 ng ml −1 ).
Flow cytometry
To examine the LN population, inguinal and axillary LN cells were harvested at the indicated times after immunization with MOG/CFA. Single-cell suspensions were stained with PE-labeled CD1d-α-GalCer tetramers and empty tetramer controls (gift of the National Institutes of Health Tetramer Facility, Atlanta, GA, USA), PE-Cy7-labeled anti-NK1.1 (PK136) and PE-Cy5-labeled anti-TCRβ (H57-597). Cells were analyzed on FC500 (Beckman Coulter, Indianapolis, IN, USA), and analysis was performed using Flow Jo software (Tree Star, Ashland, OR, USA). NKT cells were gated as NK1.1 + TCRβ + cells and iNKT cells were gated as CD1d-α-GalCer tetramer + TCRβ + cells.
Real-time PCR analysis
Mouse Hprt and Vα14 mRNA were quantified by real-time PCR. In brief, the RNA samples (1 μg) were subjected to reverse transcription analysis using AMV reverse transcriptase (Promega, Madison, WI, USA) according to the manufacturer's instructions and quantified using the iQ5 multicolor real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) with iQ5 software V2.0 and LightCycler FastStart DNA Master SYBR Green I. Gene expression was determined as relative expression on a linear curve based on a gel-extracted standard and was normalized to Hprt amplified from the same cDNA mix. Results were expressed as gene of interest/Hprt ratio.
Statistical analysis
Statistical analyses were performed by using PRISM software (GraphPad). Clinical scores were compared by twoway analysis of variance (ANOVA) followed by Bonferroni post-test. Other data were analyzed by ANOVA followed by Tukey post-hoc test. The incidence ratio was compared by the two-tailed Fisher exact probability test. P values <0.05 were considered significant. Experiments were repeated multiple times and results from independent experiments were pooled when possible. For experiments where there was too much variability one representative of multiple experiments is shown. Data are expressed as mean ± SEM.
Results
1,25D3 regulation of EAE in CD1d −/− mice
CD1d −/− and WT mice were treated with 1,25D3 (50 ng day −1 in the diet) or control-treated for 1 week prior to EAE induction and throughout the course of the experiment. Control-treated WT mice developed EAE on day 12 ± 1 (Table 1) , and their CDAI was 33 ± 4 ( Fig. 1A) . Consistent with previous studies, 1,25D3 effectively prevented EAE in WT mice, ( Fig. 1 ; (11, 12) ). None of the 1,25D3-treated (1,25D3) WT mice developed EAE with a score of 2 or greater, and their CDAI was 6 ± 2, which was significantly less than the control-treated WT EAE CDAI scores (P < 0.001).
Control-treated CD1d −/− mice developed EAE with the same severity and kinetics as control-treated WT mice. CD1d −/− mice developed EAE on day 13 ± 0 and their CDAI was 32 ± 3. 1,25D3 treatment did not eliminate EAE symptoms in the CD1d −/− mice, which are deficient in NKT cells ( Fig. 1; (14) ). Although the CDAI was significantly decreased in 1,25D3 CD1d −/− mice compared with control-treated CD1d −/− mice (1,25D3 CD1d −/− 18 ± 2 versus CD1d −/− 32 ± 3, P < 0.001), 1,25D3 CD1d −/− mice developed significantly worse disease than 1,25D3 WT mice ( Fig. 1B , CDAI, 1,25D3 WT: 6 ± 2 versus 1,25D3 CD1d −/− : 18 ± 2, P < 0.05). Furthermore, 100% of 1,25D3 CD1d −/− mice developed EAE while none of the 1,25D3 WT mice developed EAE (Table 1 , Fig. 1A , P < 0.01).
In order to determine how 1,25D3 and NKT cells affect the MOG-specific immune response, the draining LNs from mice immunized to develop EAE were collected and re-stimulated in vitro. MOG-specific IL-17, IFNγ and IL-10 were detected on day 8 post-immunization in all of the mice (Fig. 1C) , while IL-4 and IL-5 were undetectable in the LN cultures from all mice at day 8. There was no IL-17, IFN-γ or IL-10 production detected in unstimulated cells. 1,25D3 WT mice produced P < 0.001 WT versus 1,25D3 WT, # P < 0.05; ### P < 0.001 1,25D3 WT versus 1,25D3 CD1d −/− , *P < 0.05; ***P < 0.001 CD1d −/− versus 1,25D3 CD1d −/− . IL-17 and IFN-γ but the amount of IL-17 and IFN-γ in the LN cultures from 1,25D3 WT mice was less than WT controls ( Fig. 1C , P < 0.05). MOG-specific IL-17 and IFN-γ production from LN cultures from CD1d −/− mice was not affected by the 1,25D3 treatment (CD1d −/− same as 1,25D3 CD1d −/− , Fig. 1C ). On day 8 of EAE there was no effect of 1,25D3 treatment on MOG-specific IL-10 in either WT or CD1d −/− mice (Fig. 1C) . On day 14 of EAE the amounts of MOG-specific IL-17 and IFN-γ in the LNs were not altered by 1,25D3 treatment in WT or CD1d −/− mice (data not shown). 1,25D3 treatment significantly induced IL-10 compared with control treatment in both WT and CD1d −/− mice at day 14 (Supplementary Figure S1 , available at International Immunology Online). Early inhibition of IL-17 and IFN-γ by 1,25D3 was associated with greater protection of WT versus CD1d −/− mice from EAE.
1,25D3 or α-GalCer treatments are ineffective at suppressing EAE in IL-4 −/− mice 1,25D3 and α-GalCer protected WT mice from the development of EAE ( Fig. 2A) . Conversely, in IL-4 −/− mice both 1,25D3 and α-GalCer treatments were ineffective for suppressing EAE symptoms ( Fig. 2A and B , Table 2 ). CDAI scores were not different in IL-4 −/− , 1,25D3 IL-4 −/− or α-GalCer IL-4 −/− mice ( Fig. 2A ). In addition, the day of EAE onset, the EAE incidence and the peak EAE severity were not different in IL-4 −/− mice that were control, 1,25D3 or α-GalCer treated ( Table 2) . IL-4 expression is necessary for the effectiveness of 1,25D3 and α-GalCer treatments in EAE.
1,25D3 regulation of EAE in Jα18 −/− mice
Control-treated Jα18 −/− mice developed EAE with the same severity and kinetics as the control-treated WT mice ( Fig. 2C and D, Table 3 ). Jα18 −/− mice developed EAE on day 13 ± 1 and their CDAI was 26 ± 4. As seen previously, 1,25D3 WT mice were significantly protected from EAE; however, in this experiment, some 1,25D3 WT mice did develop EAE (18%, Fig. 2C , Table 3 ). 1,25D3 treatment was less effective at suppressing EAE symptoms in the Jα18 −/− mice, which are deficient in iNKT cells ( Fig. 2C and D; (15) ). The incidence of EAE in 1,25D3 Jα18 −/− mice was 59%, which is significantly higher than in 1,25D3 WT mice ( Table 3 , P < 0.01). Furthermore, the day of EAE onset was significantly earlier in 1,25D3 Jα18 −/− mice than in 1,25D3 WT mice (Table 3 ; P < 0.01). Although the cumulative disease scores (CDAI) were not significantly different between 1,25D3 WT and 1,25D3 Jα18 −/− mice (Fig. 2C ), the clinical scores over the course of the disease of 1,25D3 Jα18 −/− mice were significantly higher than 1,25D3 WT by two-way ANOVA ( Fig. 2D , P < 0.05). There was an effect of the 1,25D3 treatment in Jα18 −/− mice, since the clinical scores over time were less severe in the 1,25D3 Jα18 −/− mice than in control Jα18 −/− mice ( Fig. 2D , P < 0.001). However, the effect of 1,25D3 on EAE in Jα18 −/− mice was less than in WT since 1,25D3 did not significantly change the day of disease onset or incidence of disease compared with control Jα18 −/− mice (Table 3) .
1,25D3 effects on iNKT cells during EAE
Since 1,25D3 treatment is less effective for suppressing EAE in Jα18 −/− mice and α-GalCer treatments protect WT mice from EAE, we investigated the effects of 1,25D3 on iNKT cells during EAE. The expression of transcripts for the Vα14 TCR of iNKT cells was measured in the CNS of WT mice without EAE (day 0) or at day 21 post-EAE in WT and 1,25D3 WT mice. WT mice immunized with MOG for 21 days had higher expression of Vα14 than WT mice at day 0 ( Fig. 3 ). Vα14 expression was significantly lower in 1,25D3 WT mice than control WT mice on day 21 (Fig. 3) . CNS samples from α-GalCer-treated WT mice had the same number of Vα14 transcripts as the untreated WT mice with EAE ( Fig. 3) . It should be noted that measurement of Vα14 transcripts could reflect the activationinduced down-regulation of iNKT cells, as has been reported to occur with α-GalCer treatments in vivo (16) . We examined iNKT cell numbers in the draining LNs by flow cytometry on day 8, 14 and 23 of EAE and also in the spleen on day 14 of EAE. We found no significant differences in iNKT cell numbers between WT and 1,25D3 WT mice (data not shown; Supplementary Figure S2 , available at International Immunology Online). We further examined iNKT cell function by stimulating draining LN cells from day 8 and 14 of EAE with α-GalCer ex vivo. α-GalCer stimulation induced IL-17, IFN-γ, IL-10 and IL-4 cytokine secretion similarly in control versus 1,25D3-treated mice (Supplementary Figure S3 , available at International Immunology Online). IL-5 secretion at day 8 (but not at day 14) post-EAE induction was lower in the α-GalCer re-stimulated cultures from 1,25D3 treated versus controls (Supplementary Figure S3 , available at International Immunology Online). Injection of 2 μg α-GalCer on day 8 of EAE did not induce significantly different levels of IL-4 in the serum of control versus 1,25D3-treated mice (data not shown). Peripheral iNKT cell responses were not different in the spleen, LNs and blood of WT and 1,25D3-treated WT mice after EAE induction.
Since the effects of iNKT cells in EAE occur early during the induction of EAE (4, 5) we determined the effect of 1,25D3 on iNKT cells in vitro from naive animals. α-GalCer stimulation of both WT and IL-4 −/− splenocytes induced IFN-γ expression, which was not significantly inhibited by 1,25D3 (Fig. 4) . However, α-GalCer stimulation induced IL-17 production, which was inhibited equally by 1,25D3 in both mouse strains (Fig. 4 ). 1,25D3 increased α-GalCer-induced IL-5 and IL-10 expression in both WT and IL-4 −/− mice compared with α-GalCer alone (Fig. 4 ). 1,25D3 was also able to increase α-GalCer-induced IL-4 expression in WT mice in vitro (Fig. 4) . Consistent with these results, we saw a small increase in IL-4 + iNKT cells in the spleens of 1,25D3-treated mice compared with controls on day 8 of EAE (WT: 13.7 ± 1.7% versus 1,25D3 WT: 24.0 ± 2.8%, P < 0.05, n = 4-5). In subsequent experiments differences in IL-4-secreting cells were much smaller, although there was a trend toward increased IL-4 + iNKT cells in 1,25D3-treated WT mice (WT: 10.2 ± 1.4 versus 1,25D3 WT: 14.0 ± 2.8, n = 12; Supplementary Figure  S1 , available at International Immunology Online). The trend in higher IL-4 + iNKT cells was associated with significantly lower MOG-specific IL-17 (WT: 2190 ± 547 pg ml −1 ; 1,25D3 WT: 840 ± 152 pg ml −1 , P < 0.05, n = 4-5) and IFN-γ production (WT: 17.8 ± 3.2 ng ml −1 versus 1,25D3 WT: 2.3 ± 1.0 ng ml −1 , P < 0.01, n = 4-5) from splenocytes from 1,25D3-treated mice compared with controls. There was not a difference in IL-4 + iNKT cells in draining LNs between 1,25D3-and controltreated mice. 1,25D3 in vitro inhibits α-GalCer-induced IL-17 production from splenocytes while inducing production of IL-10, IL-4 and IL-5. 1,25D3 treatments in vivo reduced MOGspecific IL-17 and IFN-γ responses and induced IL-4 secretion from iNKT cells to a small extent.
Discussion
In the present study, we have investigated the role of NKT and iNKT cells in 1,25D3-mediated protection from EAE in mice. 1,25D3 treatments were less effective at suppressing EAE in both, CD1d −/− and Jα18 −/− than in WT mice, indicating that type II NKT cells may not have a large role in this protection. However, some symptoms of EAE were still lower in the 1,25D3 CD1d −/− and 1,25D3 Jα18 −/− mice compared with CD1d −/− and Jα18 −/− mice, suggesting that in the absence of NKT cells, 1,25D3 still has some suppressive effects in EAE. The data indicate that 1,25D3-mediated protection from EAE is regulated in part by NKT cells.
iNKT cells are important regulators of autoimmune diseases. In particular, studies have shown that patients with MS have decreased iNKT cells or decreased iNKT cell function (17, 18) . Furthermore, effective treatment of MS with IFN-β increased iNKT cell numbers and function (19) . Our data P < 0.01; +++ P < 0.001 WT versus 1,25D3 WT, ## P < 0.01 1,25D3 WT versus 1,25D3 Jα18 −/− , *P < 0.05 Jα18 −/− versus 1,25D3 Jα18 −/− . confirm that activation of iNKT cells with α-GalCer is protective in EAE (5, 6, 20) . We have previously shown that mice given a 1,25D3-supplemented diet for 1 week have increased IL-4 and IFN-γ secretion from splenocytes stimulated ex vivo with α-GalCer, demonstrating that 1,25D3 given in the diet can affect iNKT cell function (2) . We now demonstrate that CD1d −/− and Jα18 −/− mice are not protected from EAE to the same extent as WT mice by treatment with 1,25D3 in the diet. These data provide further evidence for a regulatory role of 1,25D3 on NKT cell function.
NKT cells are able to produce multiple cytokines very rapidly in response to TCR triggering (3) . One study demonstrated that IL-4 derived from iNKT cells was required for mediating protective effects of iNKT cells during EAE (21) . Furthermore, earlier studies have also shown that IL-4 is required for the α-GalCermediated protection from EAE (4, 5) . On the basis of the results that showed that IL-4 expression was also required for 1,25D3-mediated protection from EAE, we hypothesized that NKT cell-derived IL-4 might be critical for 1,25D3-mediated effects in EAE. Supporting this finding, we show that 1,25D3 increased α-GalCer-induced IL-4 expression in vitro. In addition, we saw a trend toward increased IL-4 + iNKT cells in the spleens of 1,25D3-treated mice compared with control mice during EAE. NKT cells are unique among lymphocytes in their ability to rapidly release large amounts of IL-4 (22) . Consistent with an important role for NKT cell-derived IL-4, NKT cells from MS patients in remission produce more IL-4 than NKT cells from MS patients in relapse (17) . However, we have not definitively demonstrated the role of iNKT cell-derived IL-4 using adoptive transfer experiments since 1,25D3, although effective in the Jα18 −/− mice, is not completely effective and so the change to be rescued with the transplanted NKT cells would be even smaller. The data suggest that 1,25D3 regulates IL-4 production from NKT cells and other cell types that are important for the 1,25D3-mediated suppression of EAE.
Since we previously demonstrated that 1,25D3 can suppress IL-17 production from CD4 + T cells in vitro (23), Fig. 4 . Effect of 1,25D3 treatment on α-GalCer-induced cytokine levels in vitro. WT or IL-4 −/− splenocytes from naive mice were stimulated in vitro with α-GalCer (200 ng ml −1 ) ± 1,25D3 (100 nM) for 72 h and cytokines in supernatants were assessed by ELISA. *P < 0.05, ***P < 0.001 by ANOVA-based Tukey test, n = 4-5 mice and is one representative of two independent experiments. we determined whether NKT cells were required for the 1,25D3-mediated suppression of IL-17 production during EAE. We demonstrate that MOG-specific IL-17 production was significantly reduced in 1,25D3 WT mice compared with WT but was not decreased in 1,25D3 CD1d −/− mice compared with CD1d −/− mice. In addition, the IFN-γ response was attenuated in 1,25D3 WT mice compared with WT, but not in CD1d −/− mice. Furthermore, we now demonstrate that 1,25D3 can inhibit α-GalCer-induced IL-17 production from splenocytes in vitro. The reduction in IL-17 is associated with an increase in IL-4, IL-5 and IL-10 from iNKT cells in vitro. However, the data fall short of definitively demonstrating that the in vitro effects of 1,25D3 on iNKT cell cytokine secretion accounts for the suppression of EAE by 1,25D3 in vivo. Collectively, these studies do suggest that iNKT cell-mediated changes in the IL-17 response could be important for ameliorating disease in 1,25D3-treated mice.
1,25D3 treatment still significantly decreased disease severity in both the CD1d −/− and Jα18 −/− mice. The VDR is widely expressed in immune cells (1) . Previous studies have shown that 1,25D3 treatment of mice with EAE decreased disease severity and increased the number of Mac-1 + cells in the CNS, indicating the 1,25D3-mediated reduction in disease severity may be mediated in part by macrophages (24, 25) . In addition, 1,25D3 treatment has rapidly induced apoptosis of T cells (7 h after administration) in the CNS when given to mice with established EAE (25) . Using Cre-mediated deletion of the VDR in CD4 + T cells showed that VDR function in T cells was required for the maximal effectiveness of 1,25D3 in EAE (12) . The VDR would be absent in NKT cells in the CD4-driven deletion of the VDR in T cells, since NKT cells develop from CD4/CD8 double-positive thymocytes (26) . Although NKT cells are important for mediating the effects of 1,25D3 in EAE, 1,25D3 also targets other immune cells to suppress EAE.
Both low levels of vitamin D and low levels of iNKT cells are associated with MS. Furthermore, iNKT cell dysfunction is associated with MS (17, 18) . Multiple studies have demonstrated that decreased levels of vitamin D are associated with an increased risk for MS and increasing vitamin D levels decreased the risk of relapse in MS patients (27) (28) (29) (30) (31) . Furthermore, vitamin D is important for iNKT cell development and function (2, 32) . Our study now shows that iNKT cells are required for the full protective effects of 1,25D3 during EAE, and IL-4 is important for this protection. Future studies using depletion of iNKT cells rather than genetic deletion will rule out compensatory mechanisms that could occur in knockout mice. Vitamin D represents an attractive target for enhancing or restoring the protective function of NKT cells in MS patients in order to treat disease. Further studies will need to be performed in MS patients to determine whether vitamin D is regulating NKT cell in MS.
